Traditionally, irritable bowel syndrome (IBS) has not been regarded as an organic disease, and the pathophysiology of IBS is heterogeneous. Currently, the diagnosis of IBS is based upon the Rome diagnostic criteria. The performance of these criteria is only modest in predicting IBS, and moreover their validation is lacking. Additionally, as functional symptoms are common in the general population, healthy controls or volunteers are difficult to define and there is currently no definition of "normal" in the Rome criteria. Due to the weaknesses of the current diagnostic criteria, patients and doctors expect new gold standard diagnostic tools. Various etiologic mechanisms result in potential biomarkers. The focus of this research has been to find non-invasive biomarkers from serum, breath gas, and fecal materials. Though biomarkers should be based on biological and pathogenic processes, most biomarkers for IBS have been developed to identify organic diseases and therefore eliminate IBS. To date, these types of biomarkers for IBS have been disappointing. The purposes of developing biomarkers include improvement of diagnosis, differentiation from other organic diseases, and discrimination of IBS subtypes. A true mechanistic biomarker would make it possible to rule in IBS, rather than to rule out other organic diseases. New serologic biomarkers for diarrhea-predominant IBS have been introduced based on the pathophysiologic findings from a rat model and validation in a large-scale clinical trial. Further investigations of abnormal organic findings from each subtype of IBS would enable the development of new, simple subtype-specific biomarkers. 
Introduction
Irritable bowel syndrome (IBS) is traditionally diagnosed using the Rome diagnostic criteria, a symptom-based criteria standard, currently revised as the Rome IV criteria. 1 The Rome III criteria for IBS had a modest diagnostic ability with a sensitivity of 75% in primary care, 2 and a sensitivity of 69% and specificity of 80% in secondary care. 3 However, validation of the Rome criteria is lacking and most of the validations of these criteria compare the criteria to normal subjects and not organic gastrointestinal (GI) illness. In addition, diagnosis based on the Rome criteria starts with excluding other organic GI diseases with inevitably expensive investigations. For example, more than 70% of patients with inflammatory bowel disease (IBD) would meet the Rome criteria for IBS. 4 The indefinite clinical definition of IBS also makes it difficult to determine "healthy" controls. 5 In clinical practice, as well as in research, it is hard to determine normal subjects relative to patients with IBS since the Rome criteria does not provide a strict definition of "normal" or "healthy." Therefore, biomarkers for IBS are still highly necessary. 8 Though the markers should be associated with a possible pathophysiologic mechanism of IBS, some biomarkers for other diseases such as IBD are used for differentiating IBS from non-IBS. 7, 9, 10 Various materials for developing biomarkers have been introduced, including serologic markers, [7] [8] [9] fecal markers, 10 cellular/molecular markers, breath tests, scintigraphic markers, and colonic mucosal immune markers. The most significant issues when developing biomarkers for IBS are the small population sample size and limiting comparisons between IBS patients and healthy subjects or subjects with other diseases.
In this article, we discuss the biomarkers for IBS, including those for specific IBS subtypes, from various materials.
Biomarkers for "Not Irritable Bowel Syndrome"
One of the common themes in the development of biomarkers for IBS are panels or components that identify IBS based on finding results consistent with other disorders. An example would be a high fecal calprotectin. By having this level high, the test essentially rules in IBD and thus eliminates IBS. So a positive test is "not IBS." This type of diagnostic approach which is being suggested to diagnose IBS as a negative test increases the probability that the patient has IBS only.
Though IBS has a heterogeneous pathophysiology, most researchers recruit all IBS subjects to be in the study population, resulting in decreased sample sizes for subgroup analyses such as diarrhea-predominant IBS (IBS-D) and constipation-predominant IBS (IBS-C). The first attempt to validate serum biomarkers in diagnosing IBS was the use of a 10-biomarker algorithm. 7 Healthy controls and patients with various GI conditions (256 IBS subjects, 71 normal subjects, 125 IBD subjects, 47 functional GI disorders, and 17 celiac disease) were tested with a biomarker panel (IL-1β, growth-related oncogene-α, brain-derived neutrophic factor, antiSaccharomyces cerevisiae antibody, anti-CBir1, anti-human tissue translutaminase, TNF-like weak inducer of apoptosis, anti-neutrophil cytoplasmic antibody, tissue inhibitor of metalloproteinase-1, and neutrophil gelatinase-associated lipocalin). The sensitivity was 50% and the specificity was 88% for differentiating IBS subjects from non-IBS subjects, and the overall accuracy was 70%. However, these were primarily IBD markers rather than IBS markers, as this study was not designed to confirm IBS, but rather designed to diagnose other diseases and by doing so, establish "not IBS." Another study presented the performance of a combination of 34 serologic and gene expression markers and psychological measurements in differentiating 168 IBS subjects (60 IBS-C, 57 IBS-D, and 51 mixed) from 76 healthy volunteers (HV). 8 Ten serological markers including histamine, tryptase, serotonin, and substance P, and 14 gene expression markers from analysis of differentially expressed genes in IBS and HV including CBFA2T2, CCDC147, and ZNF326 were added to the original 10 biomarker panel. This panel had a sensitivity of 81% and a specificity of 64%. Good discrimination was also obtained between IBS subtypes, with the best discrimination being observed for IBS-C vs IBS-D. However, the definition of HV, which was characterized as adults without any illness, active infection, or significant medical condition was vague and excluded any comment on the functional symptoms. Additionally, comparisons with other organic diseases were not provided. It is difficult to think that a test is needed to discriminate IBS from healthy subjects since they have no symptoms and do not seek care. A biomarker would best discriminate IBS from other organic GI disorders. A recent study with 196 IBS subjects and 160 healthy controls (HC) without GI symptoms demonstrated that a panel of 8 biomarkers had a sensitivity of 88.1% and a specificity of 86.5% in discriminating IBS subjects from HC. 9 These populations were extracted from the Maastricht IBS cohort. Validation of this biomarker panel for the discrimination between organic GI disorders was not performed. Other non-invasive biomarkers studied include fecal biomarkers. Fecal markers in general have been developed to reflect inflammation of the intestinal mucosa, which means that their primary purpose is to identify IBD and therefore "not IBS." The most frequently studied marker is calprotectin. Calprotectin is a heterodimer of S100A8 and S100A9 and the overexpression of S100A8/A9 is associated with inflammatory and neoplastic disorders. 11 Recently, pooled analysis demonstrated that fecal calprotectin had a sensitivity of 93% and a specificity of 94% at a cut-off value of 50 µg/g in differentiating IBS from IBD. 10 The cut-off level is low and calprotectin is not related to the pathogenesis of IBS but is rather a test for IBD.
Biomarkers for Ruling in Irritable Bowel Syndrome Compared to Healthy Humans
Biomarkers in this category use new techniques that might rule in IBS based on comparison to HC. However, testing is limited to IBS and healthy subjects, but not comparisons to other GI organic disorders. Furthermore, their links to IBS pathophysiology remain unclear in most cases.
Fecal short-chain fatty acids (SCFA) and granins are biomarkers for the discrimination of IBS from HC. SCFA are derived from non-digestible carbohydrates through gut microbial fermentation. 12 SCFA include acetic acid, propionic acid, butyric acid, iso-butyric acid, valeric acid, and iso-valeric acid. A study with a small population size (25 IBS subjects and 25 HC) aimed to diagnose IBS by measurement of fecal SCFA. 13 Differences in the levels of propionic and butyric acid had the best diagnostic properties, with a sensitivity of 92% and a specificity of 72% at a cut-off value > 0.015 mmol/L. However, diet was not controlled for, and because of the exploratory design of the study, subjects were not consistent. Granins (chromogranins [Cg] and secretogranins [Sg] ) are proteins distributed ubiquitously in vesicles of secretory cells of the enteric, endocrine, and immune system, and may serve as markers for activity of the enteric neuroendocrine system. 14 A separate analysis of fecal CgA, CgB, SgII, SgIII, and calprotectin in 82 IBS subjects and 29 HC demonstrated that SgII, SgIII, and CgB had discriminative validity to identify IBS patients. 14 SgII had a sensitivity of 80% and a specificity of 79%. Both SgIII and CgB had fairly good discriminative validity to positively identify IBS patients. However, calprotectin in this research failed to discriminate IBS subjects from HC. To date, the role of granins in the pathophysiology of IBS is not clear and the reason why levels of granins are different in IBS subjects has not been elucidated. A novel non-invasive metabolomic approach in the diagnosis of IBS is the analysis of the breath. In one study, a set of 16 volatile organic compounds (VOCs) from 170 IBS patients and 153 HC were analyzed. 15 Among hundreds of VOCs, n-hexane, 1,4-cyclohexadiene, n-hepane, and aziridine were elevated in the IBS group. Butane, tetradecanol, 6-methyloctadecane, nonadecatetraene, methylcyclohexane, 2-undecene, benzyl-oleate, 6,10-emethyl-5,9-undecadine-2-one, and 1-ethyl-2-methyl-cyclohexane were increased in HC. The Random Forest classification model based on these VOCs had a sensitivity of 89.4% and a specificity of 73.3%. These VOC biomarkers should be further investigated, as this study represented an initial step in the development of biomarkers and the metabolism of these compounds in the human body and potential relationship to IBS is poorly understood. Although studies have divergent reports of the presence of visceral hypersensitivity in IBS, such as one study that showed that 21% of subjects with IBS had increased rectal pain sensations and 17% had decreased, 16 studies assessing visceral hypersensitivity by barostat have been conducted. [17] [18] [19] A study (86 IBS patients, 78
non-IBS patients, and 25 normal controls) suggested that rectal barostat testing to discriminate IBS patients from normal subjects and non-IBS patients had a sensitivity of 95.5% and a specificity of 71.8% at the level of 40 mmHg. 17 In other study with a total of 126 IBS patients and 30 HC, optimal discrimination between IBS patients and HC at 26 mmHg with a visual analogue scale cutoff of ≥ 20 mm had a sensitivity of 63% and a specificity of 90%.
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However, no consensus has been reached regarding the definition of visceral hypersensitivity. The repetitive stimulus of balloon distension may also be less sensitive. The performance of each of these biomarkers is presented in Table 1 . In addition to these biomarkers, another study assessed 3 quantitative traits including colonic transit time by scintigraphy, fecal bile acid (BA), and intestinal permeability which sought to discriminate between 64 IBS-D, 30 IBS-C, and 30 HV. 20 Total 48-hour fecal BA was significantly increased in IBS-D compared to HV (2495 ± 382 vs 957 ± 185 µM/48 hr). Colonic transit geometric center at 48 hours was significant in discriminating HV from IBS-C (3.86 ± 0.17 vs 3.22 ± 0.17). Small intestinal permeability could not be used to discriminate between the groups. The model of fecal BA excretion and colonic transit geometric center at 48 hours had a sensitivity of 60% and a specificity of 75% for discrimination between IBS-D and HV. Using the same model, IBS-C could be differentiated from HV with a sensitivity of 60% and a specificity of 80%. Alteration of colonic transit was only identified in one-third of IBS patients, 16 and about one-fourth of patients with lower functional GI disorders and diarrhea had BA malabsorption. 21 Finally, there have been studies attempting to find colonic mucosal immune markers, but these are still being debated.
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Specific Biomarkers for Diarrhea-predominant Irritable Bowel Syndrome
IBS-D occupies a special position amongst the IBS subtypes. The predominant symptom of diarrhea in IBS should be distinguished from IBD or celiac diseases. Moreover, about 10% of patients who have suffered from acute gastroenteritis subsequently develop post-infectious IBS. 23 Cytolethal distending toxin B (CdtB)
is commonly produced by bacterial pathogens that cause gastroenteritis, including Campylobacter jejuni, which causes post-infectious phenotypes in a rat model which are similar to those in human IBS subjects. 24 The levels of circulating host antibodies to CdtB correlated with levels of small intestine bacterial overgrowth, and these anti-CdtB antibodies cross-reacted with the enteric neural protein, vinculin, likely through molecular mimicry. 24 A recent large scale study including a total of 2681 subjects (2375 IBS-D subjects, 43 healthy subjects, 121 celiac, and 142 IBD subjects) demonstrated that anti-CdtB antibodies had a sensitivity of 43.7% and a specificity 91.6% at a cut-off value of ≥ 2.80 to discriminate IBS-D from IBD. 25 Anti-vinculin antibodies had a sensitivity of 32.6% and a specificity of 83.8% at a cut-off value of ≥ 1.68 to distinguish IBS-D from IBD. This important finding acknowledges the possibility of ruling in IBS in contrast with previous serum-based biomarkers, 7, 8 which is a big leap forward in ascertaining an organic basis approach, rather than a symptom-based criteria approach. This test establishes the possibility that IBS is an organic disease with a significant pathophysiology-based biomarker distinct from IBD. Another research study distinguished IBS-D from active IBD using fecal volatile organic metabolites (VOMs). 26 Thirty IBS-D, 62 active Crohn's disease, 48 active ulcerative colitis, and 109 HC participants were recruited. Using the 11 key VOMs, the discriminatory model showed a sensitivity of 96% and a specificity of 80%. Diet and medication were not controlled. The study population was small in number and analysis of fecal VOMs was standardized.
Specific Biomarkers for Constipation-predominant Irritable Bowel Syndrome
Lactulose breath testing (LBT) measures methane and hydrogen in breath samples obtained at baseline and every 15 to 20 minutes after ingestion of 10 g lactulose until 2 hours or even later using gas chromatography. 27 The definition for a methane-positive test or a methane producer varies in the literatures (Table 2) .
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38 However, a breath methane level ≥ 3 ppm at any point during the test has been recently used to define methane producers. 34, 36 Methane production as a diagnostic test has been shown to be very accurate in predicting IBS-C, with a sensitivity of 91% and a specificity of 81.3%. 33 Two earlier studies support that methane is associated with the severity of IBS-C, 33, 39 and although methane does not account for all IBS-C patients, a meta-analysis including a total of 1277 subjects (319 methane producers and 958 methane non-producers) showed that methane is significantly associated with IBS-C. 40 Another study demonstrated that methane-producing IBS subjects had small bowel movements, straining, lactose intolerance, and weight loss. 34 Furthermore, objective measures of constipation tracking stool habits showed that the degree of methane production on LBT correlated with the severity of constipation. 39 The quantity of methane on LBT was directly proportional to the severity of constipation, and moreover, greater methane production correlated with lower stool frequency and a lower Bristol stool score. Though LBT did not discriminate patients with IBS from healthy controls, methane-producing patients with IBS were significantly more likely than non-methane-producing patients to report constipation, and significantly less likely to report diarrhea as a major symptom. 30 However, other studies argue that methane production is not restricted to constipation-predominant diseases. 37, 41, 42 In a study of 1372 subjects with functional GI disorders, including 212 IBS patients, diarrhea was more common than constipation in patients with high methane levels on LBT/fructose breath tests. Furthermore, two-thirds of IBS-C patients did not have elevated methane levels after either lactose or fructose. 41 Another study demonstrated that the amounts of hydrogen and methane gas produced during LBT were not associated with IBS symptoms, except for a weak correlation between total gas amounts and a few IBS symptoms such as bloating, flatulence, and abdominal pain only in LBT-positive patients with IBS. 37 A more recent study revealed that IBS-C, which was associated with prolonged gut transit times, did not show an increase in positive testing for breath methane. 42 The authors explained the discrepancy with previous studies by variations in the definition of constipation, type of sugar, or proportion of patients with diarrhea. In contrast, measuring breath methane to determine therapeutic response to non-absorbable antibiotics such as neomycin and rifaximin has been well established. Since eradication of small intestine bacterial overgrowth was shown to reduce symptoms of IBS, 43 double-blind, randomized, placebo-controlled studies using these antibiotics have been conducted (Table 3) . 28, [44] [45] [46] 
Conclusions
For more than half of a century, IBS has not been considered an organic disease. The multifactorial pathophysiology of IBS made development of a single biomarker difficult (Table 4 ). To date, biomarkers for IBS were disappointing due to small study populations and the challenges of ruling out other organic diseases with only modest accuracy. To introduce accurate biomarkers, it could be necessary to break down IBS into each subtype and these biomarkers should come from the biological and mechanistic findings. Changing the current standard concept of IBS, to the idea that IBS is indeed an organic disease, is a key cornerstone. Studies validating biomarkers that identify IBS as a distinct entity, are linked to the pathophysiology of the disease, determine the organic nature of IBS and are important in predicting the type of IBS (constipation or diarrhea) appear to be emerging. Author contibutions: Jae Hak Kim and Eugenia Lin performed the research, compiled the data, and drafted the manuscript; and Jae Hak Kim, Eugenia Lin, and Mark Pimentel edited the manuscript and approved submission of the final version. 
